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Requirement of Chromatid Cohesion Proteins
Rad21/Scc1 and Mis4/Scc2 for Normal
Spindle-Kinetochore Interaction in Fission Yeast
either by microtubule-associating proteins or microtubule
dynamic instability [2]. Microtubules have polarity, and
only the plus ends are the sites of chromosome binding.
The major chromosomal binding sites for pulling are called
kinetochores or centromeres, which contain a specific
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Detailed mechanisms for chromosome movements,
however, are molecularly largely unknown. Neverthe-
less, these movements, occurring after the kinetochore-Summary
microtubule interaction is initiated in an early mitotic
stage, are thought to be an important step leading toBackground: Proteins conserved from yeast to human
hold two sister chromatids together. The failure to form concerted separation of sister chromatids. Movements
cause the tension that may be crucially related to thecohesion in the S phase results in premature separation
of chromatids in G2/M. Mitotic kinetochores free from anaphase tension force that brings sister chromatids
toward the opposite poles. The generation of the chro-microtubules or the lack of tension are known to activate
spindle checkpoint. mosome movement force in anaphase is thought to be
triggered by the separin-directed proteolysis of Rad21/
Scc1, an essential subunit of cohesin complex thatResults: The loss of chromatid cohesion in fission yeast
mutants (mis4-242 and rad21-K1) leads to the activation keeps sister chromatids together [4].
The loss of a group of motor proteins, which promoteof Mad2- and Bub1-dependent checkpoint, possibly
due to a diminished microtubule-kinetochore interac- movement of chromosomes in the spindle, results in
aberrant sister chromatid separation [5, 6]. Deletion oftion. Bub1, a checkpoint kinase, localizes briefly at early
mitotic kinetochores in wild-type, whereas the cohesion the fission yeast microtubule binding Dis1, a homolog
of XMAP215/minispindle/tog/Stu2, which is required formutation greatly increases the duration of kinetochore
localization. Bub1 is bound to the central centromere the proper functioning of kinetochore microtubules,
causes the failure to promote chromosome movementsregion of mitotic cells. These cohesion mutants are hy-
persensitive to a tubulin poison and are synthetic lethal prior to anaphase, probably due to the loss of normal
kinetochore microtubule function [7–9]. The midmitoticwith dis1 and bir1/cut17, which are defective in microtu-
bule-kinetochore interaction. The formation of special- chromosome movements are thus based on the interac-
tion between kinetochore microtubules and chromo-ized centromere chromatin containing CENP-A does not
require cohesion. Dominant-negative noncleavable Rad21 somes. What does regulate the kinetochore-microtu-
bule interaction? This is possibly a key question infails to activate checkpoint but blocks sister chromatid
separation and full spindle elongation in anaphase. understanding events leading to sister chromatid sepa-
ration in anaphase.
The present paper reports unexpected mitotic pheno-Conclusions: Mis4 and Rad21 (budding yeast Scc2 and
Scc1 homologs, respectively) act in establishing the nor- types of fission yeast cohesion mutants, mis4 and rad21,
providing evidence that sister chromatid cohesion mole-mal spindle-kinetochore interaction in early mitosis and
inhibit sister chromatid separation until the cleavage of cules are required not only for sister chromatid cohesion
but also for proper kinetochore-microtubule interaction.Rad21 in anaphase. Checkpoint directly or indirectly
Sister chromatid cohesion is made during the S phasemonitors the states of cohesion in early mitosis. Full
and has to be lost before anaphase [4]. Several classesspindle extension occurs with unequal nuclear division
of evolutionarily conserved proteins that are requiredin cohesion mutants in the absence of Mad2.
for sister chromatid cohesion have been identified [4,
10–21]. These protein molecules ensure normal sisterIntroduction
chromatid separation in anaphase [14, 22]. In budding
yeast, they are also required for normal chromosomeChromosomes move during mitosis prior to sister chro-
condensation [11] and DNA replication [20]. Fissionmatid separation in anaphase [1]. Movement is thought
yeast Rad21 is a homolog of budding yeast Scc1 andto be largely spindle microtubule-dependent and is driven
a subunit of cohesin complex, while Mis4 is a homolog
of budding yeast Scc2 and is required for the proper3 Correspondence: yanagida@kozo.biophys.kyoto-u.ac.jp
recruitment of cohesin. In temperature-sensitive (ts)4 These authors contributed equally to this work.
strains, mis4-242 and rad21-K1, sister chromatids were5 Present address: MRC Cell Mutation Unit, Sussex University,
Falmer, Brighton BN1 9RR, United Kingdom. prematurely separated [14, 19]. We show here that spin-
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Figure 1. Mitotic Delay in mis4-242 at 36C
(A) Wild-type and mis4-242 were synchro-
nously cultured from G1. Cells arrested in G1
at 26C by nitrogen starvation were shifted to
the complete medium at 36C. After 3.5 hr,
elutriation was done using a Beckman rotor.
Small prereplicative cells were collected and
synchronously cultured. Aliquots of the cul-
ture were taken at 15-min intervals for mea-
surements of the percent index for septation
and spindle and H1 kinase activity. Cells were
fixed and stained by DAPI for DNA, TAT1 anti-
bodies against tubulin (the spindle index),
and calcofluor for the septation index (SI%).
The histone H1 kinase activity in cell extracts
was measured. FACScan analysis was done
to estimate the DNA contents, and timing for
the S phase was determined (the shaded bar).
(B) The spindle size in wild-type and mis4
mutant cells in the synchronous culture at
180 min was measured.
(C) Nondestruction of securin/Cut2 destruc-
tion. mis4-242 mutant cells containing the in-
tegrated HA-tagged cut2 gene were immu-
nostained by antibodies against HA-tagged
Cut2. The SPB (spindle pole body) was simul-
taneously visualized by anti-Sad1 antibodies.
The scale bar represents 10 m.
dle checkpoint arrest is promoted in mis4-242 and longer. The peaks for the spindle index and H1 kinase
in the mutant were, respectively, two and three timesrad21-K1 mutant cells in a Mad2- and Bub1-dependent
manner at the restrictive temperature, probably due to higher than those of wild-type due to the delay. Normal
sister chromatid separation was never observed ([14];the impaired kinetochore-microtubule interaction. Bub1,
a protein kinase essential for spindle checkpoint, was also see DAPI stain in Figure 1C). These results, which
are highly reproducible, suggested that the mis4-242associated in the mutant cells with subpopulations of
mitotic kinetochores for a greatly prolonged period of mutant entered mitosis with normal timing at 36C, but
its mitotic progression was considerably delayed, andtime without moving.
a similar delay was found in the start of septation. Mis4
mutant protein contained a single amino acid substitu-
Results tion: at the 3965th G, mutant sequence revealed a nucleo-
tide substitution to A, which results in the change from
Mitotic Delay in mis4-242 at 36C glycine to glutamate (see the Experimental Procedures).
To examine whether cell cycle progression was delayed The mutation is within the HEAT (Huntingtin-elongation
in mis4-242 at the restrictive temperature (36C), mutant factor-A subunit-TOR) [23]. Localization of mutant Mis4-
cells first arrested in G1 by nitrogen starvation at 26C GFP protein (expressed by the integrated gene) was
(the permissive temperature) were then cultured in the seen as a nonpunctate diffuse nuclear signal at 26C
complete medium at 36C. At 3.5 hr, when many cells and was further dislocalized into the whole cell at 36C
entered the growing phase but still remained in the pre- (data not shown).
replicative stage, the culture was collected and run in
an elutriation rotor. Selected cells, which showed high
synchrony better than those without elutriation, were mis4-242 Mutant Remains in a Preanaphase Stage
Spindle extension and securin/Cut2 destruction werefurther cultured at 36C. The percent frequencies of the
spindle (spindle index), the histone H1 kinase activity, investigated in mis4-242. Anti-tubulin antibody and DAPI
staining of fixed mutant cells showed that the length ofand the septation index (%) were measured in mis4-242
and wild-type control (wt) (Figure 1A: time 0 was set the spindle was surprisingly uniform (approximately 3–4
m) at 36C (Figure 1B). The wild-type control rangedafter selection synchrony). The FACScan analysis that
measured the DNA contents determined the timing of from 1 m up to 15 m. The mutant spindle length
was much longer than that of the wild-type metaphasethe S phase (shadowed). The onset and the duration of
the S phase were the same (15–60 min) in mutant and spindle (2.0–2.5 m in fixed cells). A similar spindle
length was also obtained for another cohesion mutant,wild-type.
A significant difference, however, existed for the dura- rad21, at 36C (data not shown).
To determine whether securin/Cut2 was degraded,tion of mitosis. In wild-type, mitotic cells containing the
short spindle and high H1 kinase activity were found the level of securin/Cut2 tagged with HA was examined
in mis4-242. The HA-tagged cut2 gene was integratedaround 160–180 min, followed by septation and cell sep-
aration at 195 min. In mis4-242, however, the duration onto the chromosome with the native promoter. Cells
were doubly immunostained by monoclonal anti-HA andof mitosis strikingly increased to approximately 40 min
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Figure 2. The Mitotic Delay in mis4-242 Was
Mad2 Dependent
(A) Wild-type (wt); three single mutants,
mad2, mis4-242, and rad21-K1; and the two
double mutants mis4 mad2 and rad21
mad2 were arrested in G1 by nitrogen star-
vation at 26C and then shifted to 36C in the
complete medium. The H1 kinase activities
in cell extracts were assayed, and results are
shown in autoradiography. The H1 kinase ac-
tivity did not peak in the Mad2-deleted double
mutants.
(B) Anti-tubulin (red), anti-Sad1 (green), and
DAPI (blue) staining were done for wild-type
and mutant cells after 4 hr at 36C in the com-
plete medium. The scale bar represents 10 m.
(C) Wild-type, single mis4-242 and mad2
mutants, and double mis4 mad2 mutant
strains carrying plasmid pSAD1-GFP (Sad1-
GFP is an SPB protein tagged with GFP) were
observed for the spindle dynamics in living
cells. A confocal microscope MRC1024 was
used, and cells were cultured at 36C for 4
hr. Estimated distances between the SPBs
were measured. In single mis4 mutant cells,
the spindle length increased up to 4.0–4.5
m and arrested. In the double mis4 mad2
mutant, the spindle length increased fully to
12 m.
(D) Cohesion mutant cells were hypersensi-
tive to 10g/ml TBZ, tubulin inhibitor thiaben-
dazole, at the permissive temperature. Wild-
type (wt), mis4-242, rad21-K1, and mutant
cells containing plasmid with the correspond-
ing gene.
polyclonal anti-Sad1 antibodies. Cut2-HA/securin was are not shown). In wild-type, no peak for the H1 kinase
was produced, as the synchrony was not high enoughscarcely destructed in the mitotic mis4 mutant (Figure
1C). Cut2-HA was not degraded in 86% and 77% of to produce the peak under the culture condition released
from the nitrogen starvation. Single mis4-242 and rad21-mutant cells displaying the 3–4-m and 4–5m-spindle,
respectively. However, in 100% of wild-type cells con- K1 mutants showed the peak of high H1 kinase activity,
whereas the double mutants did not produce the peaktaining a 3.0-m spindle, the level of Cut2-HA was
negligible. Securin/Cut2 proteolysis promoted by APC/ activity. The mitotic arrest did not occur in the double
mutant strains, mis4 mad2 and rad21 mad2. Anti-cyclosome in a destruction-box sequence-dependent
manner [24] did not take place in mis4-242. Hence, mis4- tubulin antibody immunostaining revealed that the distri-
bution pattern of spindle length in mis4 mad2 and242 mutant cells remained in a preanaphase stage at 36C.
rad21 mad2 was basically identical to that of wild-type
(micrographs and time course data for mis4 mad2 areThe Mitotic Delay in mis4-242 and rad21-K1
Requires Mad2 shown in Figures 2B and 2C). The size of the spindle in
single mis4-242 and rad21-K1 was uniform and neverTo explain the mitotic delay with the lack of securin
proteolysis and a high level of H1 kinase, we considered extended to the anaphase B stage, however (see Figure
1B, upper panel). The spindle index for mis4-242 anda hypothesis that the spindle checkpoint [25, 26] was
activated in mis4-242. To test the hypothesis, wild-type rad21-K1 was high, 20.5% and 28.5% at 36C for 4 hr,
respectively, whereas that for mis4 mad2 and rad21(wt); two single mutants, mis4-242 and the mad2 dele-
tion (mad2); and the double mutant mis4-242 mad2 mad2, was low, 6.4% and 5.6%, respectively. The mi-
totic delay and the lack of full spindle extension in cohe-were used. Mad2 is an essential component of spindle
checkpoint [27]. For comparison, another cohesion mu- sion mutants mis4-242 and rad21-K1 was, hence, Mad2
dependent. We performed similar experiments using atant, rad21-K1, and the double mutant rad21 mad2
were also employed. bub1 deletion (bub1) and found that the double mutant
phenotype of mis4bub1 resembled that of mis4mad2These strains, first arrested in the G1 phase under
nitrogen starvation at 26C, were then released to the (data not shown).
We addressed a question of whether spindle dynam-complete medium at 36C. Cells were collected, and
the histone H1 kinase activity was assayed (Figure 2A; ics were normal in these cohesion mutants and per-
formed a living cell analysis. The spindle length wasquantitative densitometric data from autoradiography
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Figure 3. Transient Localization of Bub1 at Kinetochore Determined by CHIP and Live Analysis
(A) CHIP (chromatin immunoprecipitation) was applied to Bub1-HA expressed by the chromosomally integrated gene in nda3-KM311. Anti-
HA antibodies were used to precipitate nda3-KM311 extracts arrested in prophase at 20C for 0–8 hr, and PCR amplification was done for
the resulting precipitates. The DNA probes of the central centromere (cnt1, imr1), the outer repetitive region (dg), and the arm (arm a1, lys1)
were used [19]. Only the central centromere probes were coprecipitated with antibodies against Bub1-HA when extracts from the prophase-
arrested nda3 Bub1-HA cells cultured at 20C for 8 hr were employed. WCE, whole cell extracts. Wt, wild-type. Bub1-HA, asynchronously
growing cells containing the integrated Bub1-HA gene.
(B) The signal of Bub1-GFP expressed by the integrated gene is located in the whole nucleus in wild-type interphase and becomes an intense
dot in mitotic cells of wild-type prophase and three dots in the nda3 mutant arrested at 20C. The scale bar represents 10 m.
(C) The live signals of Bub1-GFP expressed by the integrated gene in wild-type and mis4-242 cells were observed by a confocal microscope,
and collected data were converted to kymographs. Two kymographs from wild-type and three from mutants are shown. The arrows indicate
the timing for the disappearance of Bub1-GFP dots. The arrowheads indicate the timing of anaphase. The asterisks indicate the weakened
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obtained by measuring the distance between the SPBs ochore localization of these passenger proteins. Third,
mis4-242 was synthetic lethal to dis1 at 30C (data(spindle pole bodies) in cells of mis4-242, mad2, and
mis4 mad2 carrying plasmid pSAD1-GFP and cultured not shown). Dis1 is a kinetochore-microtubule binding
protein, and it may play an important role in microtubuleunder a microscope. Sad1 encodes an essential SPB
protein [28]. The spindle extension in the mis4 mutant instability and/or stability [8].
was repressed, whereas the spindle length of single
mad2 and the double mis4 mad2 increased with a Prolonged Bub1 Kinetochore Localization
time course pattern identical to that of wild-type (Figure in mis4-242
2C; also see Figure 3C). Mad2 is thus implicated in re- To further characterize the spindle checkpoint arrest in
straining spindle extension in mis4-242 at 36C. Three mis4-242, localization behavior of a spindle checkpoint
mitotic phases, 1, 2 and 3, are present in wild-type cells protein in mis4-242 was examined. We employed strains
[7] and probably also in single mad2. Phase 1 is a carrying Bub1-GFP and Bub1-HA integrated onto the
prophase-like stage (e.g., spindle formation), while chromosome with the native promoter. Mitotic kineto-
phases 2 and 3, respectively, corresponded to meta- chore localization of Bub1 in Schizosaccharomyces
phase and anaphase B (spindle extension). Anaphase pombe mitosis was previously established [33]. To de-
A (sister chromatid separation) took place at the end of termine which domain of the centromere Bub1 was lo-
phase 2. One difference from the wild-type spindle was calized, chromatin immunoprecipitation (CHIP) was per-
that the short spindle in single mis4 was long (4–5 m), formed using anti-HA antibodies against extracts of the
while the single mad2 mutant contained the 2.5-m Bub1-HA-integrated nda3-KM311 strain. The S. pombe
metaphase spindle that was identical to wild-type. The centromere consists of the two major domains, CENP-
short spindle of the double mutant mis4 mad2 ranged A-associating central and Swi6-locating outer hetero-
between 2 and 4 m prior to the phase 3-like spindle chromatic repetitive regions [34]. The whole-cell ex-
extension. The presence of phase 2 in the double mutant tracts (WCE) of prophase-arrested nda3-KM311 mutant
was unclear. Unequal nuclear division was frequent in cells at 20C for 0–8 hr (nda3 bub1-HA) were immunopre-
mis4mad2 mutant cells (see Figure 4). Unequal nuclear cipitated, followed by PCR amplification of the probes
division was also found in kinetochore chromatin-defec- derived from the centromeric DNA sequences (Figure
tive mutants mis6 and mis12, which similarly showed 3A). Bub1-HA was coprecipitated with the central cen-
the longer-than-normal metaphase spindle [29]. tromere sequences, cnt1 and imr1, but not with the outer
heterochromatic sequence, dg, and the two other arm
sequences, a1 and lys1, when cell extracts from mitoti-Cohesion Relates to Kinetochore-
Microtubule Interaction cally arrested nda3 mutant cells were employed.
To determine localization of the Bub1 signal in livingThree lines of evidence suggested the relation between
sister chromatid cohesion and spindle microtubules. cells, the GFP-tagged Bub1 was integrated onto the
chromosome. In the wild-type background, Bub1-GFPFirst, mis4-242 was hypersensitive to thiabendazole
(TBZ), a tubulin inhibitor [30], as shown in Figure 2D. produced the diffuse nuclear signal in interphase (Figure
3B, upper panel), which became the intense dot signalsMutant cells at 26C failed to produce colonies in the
presence of 10 g/ml TBZ. Hypersensitivity to TBZ re- upon the entry into mitosis (Figure 3B,lower left panel).
In the nda3 mutant arrested at prophase, three dotsported for cohesion mutant rad21-K1 [31] was con-
firmed. The drug hypersensitivity was suppressed by a were seen (Figure 3B, lower right panel). The duration
of the single dot-like signals in living mitotic cells ofplasmid carrying the mis4 or the rad21 gene. Second,
the double mutant mis4 cut17 was synthetic lethal. wild-type was very brief, approximately 2–4 min, as seen
in kymograph (Figure 3C, each dot recorded at 20-sCut17, identical to Bir1/Pbh1 (related to mammalian sur-
vivin), is localized in mitotic kinetochores in prophase intervals). The duration corresponds to that for phase
1, prophase, as the signal became diffused (indicatedand prometaphase and moves to the midzone of the
anaphase spindle microtubules [32]. At any tempera- by the arrows) 6–7 min before the onset of anaphase
(indicated by the arrowheads). Bub1 thus seemed to beture, genetic crossing of mis4 with cut17 did not yield the
double mutant, suggesting that they shared an essential transiently associated with the central regions of the
centromeres only during a very early mitotic stage (pro-mitotic function. Importantly, mitotic localization of Bir1/
Cut17 and aurora kinase Ark1 at kinetochore regions phase). Dis1 is also transiently bound to the central
regions of the centromeres, but the duration was ex-was abolished in both mis4 and rad21 mutant cells [32].
Furthermore, proper localization of Ark1 needs Bir1/Cut17. tended to the end of metaphase [8].
Interestingly, the signal of mitotic Bub1-GFP did notSister cohesion seemed to be essential for mitotic kinet-
or diffused Bub1-GFP signals when the signals moved. The scale bar represents 10 m.
(D) Frequencies of wild-type and mis4 mutant cells are shown with the different duration of intense kinetochore signals of Bub1-GFP. White
columns, wild-type: black columns, mis4 mutant cells.
(E) Left: Bub1-GFP and Mis12-CFP were observed in the same cells of mis4-242. Right: Bub1-GFP and Mis12-CFP were observed in the
same nda3-KM311 cells integrated by Bub1-GFP and Mis12-CFP and cultured at 20C for 8 hr. The scale bar represents 10 m.
(F and G) The quantitative data are shown. The number of Bub1-GFP signals was measured in mis4-242 at 36C, and nda3-KM311 at 20C,
and compared with that of Mis12-CFP signals in the same cells. Mis12 is a constitutive kinetochore chromatin protein present in the central
region of the centromere. Cells with the number of Bub1-GFP signals identical to that of Mis12-CFP were indicated by the white portions of
the columns, and those with the number of Bub1-GFP smaller than that of Mis12-CFP were represented by the gray portions of the columns.
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Figure 4. Movements of Chromatin GFP pTC35
To observe the behavior of nuclear chromatin in mis4-242, plasmid pTC35 [38] was used. The plasmid contained the gene that encodes a
protein product bound to chromatin. This putative DNA binding protein (SPBC19G7.13) contained the Myb domain, and its portion (aa 384–458)
was ligated with GFP in frame.
(A) DAPI, pTC35, and the merged images are shown. DAPI, blue: pTC35, red.
(B) Time-lapse images of a wild-type cell carrying pTC35 are shown.
(C) Time-lapse images of a mis4 mutant cell are shown. Mutant cells were cultured at 36C for 5 hr in the EMM2 medium and observed. A
part of mutant nuclear chromatin that moved from left to right is indicated by the arrowheads.
(D) Time-lapse images of mis6-302 at 36C for 4 hr.
(E and F) Time-lapse images of the single mad2 and the double mis4 mad2 mutant cells are shown. In mis4 mad2 cells, unequal
chromosome segregation was observed accompanying full spindle extension. A lagging chromosome is indicated by the arrows (see text).
The scale bars represent 10 m.
move significantly along the spindle axis, consistent tative data for the duration of Bub1-GFP in 26 mis4-242
cells examined (black columns, Figure 3D) indicated thatwith a hypothesis that Bub1-GFP was associated with
the kinetochores in the absence of microtubules or mi- the average duration was 11 min.
In 15 out of the 26 live mis4-242 cells, the signals werecrotubular tension [35–37]. The intense Bub1-GFP kinet-
ochore signal was very brief (2–3 min; see the histogram seen as single throughout the time of appearances. They
did not significantly move along the cell axis. We pre-of Figure 3D, white columns) and never split into two in
any of the 14 wild-type cells investigated. Diffuse and sumed that this class of Bub1-GFP signals (class a)
represented the kinetochores that were free from thefaint signals, however, moved and split. In sharp con-
trast, a central kinetochore protein, Mis12 [29], and the interaction with microtubules. In the remaining 11 cells,
the Bub1-GFP signal was split into two or more. TheCEN1-DNA [7] move along the spindle in prometaphase
and metaphase. Taken together, the wild-type Bub1- distances between the furthermost signals were approx-
imately 4 m (equivalent to the distance between theGFP was transiently bound to only the early mitotic ki-
netochores that formed the single cluster and did not SPBs). It was noticed that the intensity of Bub1-GFP
was weakened and diffused (indicated by the asterisks)yet associate with microtubules under the tension.
Bub1-GFP in mis4-242 mutant cells was then ob- when the signals moved. This group of the signals (class
b) might represent the kinetochores under transient ten-served at 36C. The gene of Bub1-GFP was integrated
on the chromosome of the mis4-242 mutant strain with sion by microtubules. Only the kinetochores that were
unattached to microtubules or without the tension ofthe native promoter. In this case, the duration of the
intense mitotic signals seen as the dots greatly in- microtubules may have been able to bind to Bub1 kinase.
In cohesion-defective mutants, the linkage of microtubulescreased, consistent with the promotion of spindle
checkpoint in mis4-242. Three examples of the Bub1- to mitotic kinetochores was unstable and/or weak.
We constructed strains doubly integrated with Bub1-GFP dot signals arranged as kymographs are shown in
Figure 3C (images were taken at 20-s intervals). Quanti- GFP and Mis12-CFP in mis4-242 and nda3-KM311 mu-
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tants for visualizing Bub1-GFP and Mis12-CFP simulta- dle axis and produced the unequal-sized daughter nu-
clei. Single mad2 and double mis4 mad2 mutantsneously in the same cells. Comparison of Bub1-GFP
with Mis12-CFP in mis4-242 mutant cells supported the carrying plasmid pTC35 were constructed. Normal sister
chromatid separation was observed in the single mad2above hypothesis. As shown in Figure 3E, the number
of Bub1-GFP signals was clearly smaller than that of mutant (Figure 4E), whereas unequal chromosome seg-
regation frequently occurred, accompanying full spindleMis12-CFP in certain mis4 mutant cells, while it was
identical in nda3-KM311. The quantitative data are extension, in the double mutant mis4 mad2. A small
portion of the nuclear chromatin (indicated by theshown in Figures 3F and 3G. Cells with the number of
Bub1-GFP signals identical to that of Mis12-CFP were arrows), situated in the middle of cell, in an example cell
(Figure 4F) was initially lagging, while the majority ofindicated by the white column, and those with the num-
ber of Bub1-GFP smaller than that of Mis12-CFP were chromosomes were separated (4–4.5 min). This portion
moved to the right end spindle pole later (8–10 min).represented by the gray column. The number of Mis12-
CFP exceeded that of Bub1-GFP in approximately 50% Similar lagging signals were frequently observed in the
double mutant mis4 mad2, but a lagging chromosomeof the mis4 mutant cells, but in only 4% of the nda3-
KM311 cells. Mis12 is known to bind to the central cen- was never found in mis6 (also mis12, data not shown)
mutant cells (Figure 4D). The loss of Mad2 enabled cellstromere DNA throughout the cell cycle [29]. The maximal
six (average 3.1) signals of Mis12-GFP were observed to promote anaphase proteolysis so that sister chroma-
tids were separated by full spindle extension, thoughin mis4 mutant cells cultured at 36C for 5 hr, consistent
with the premature sister chromatid separation in mis4- the fidelity of segregation was sacrificed. These results
may be interpreted as Mad2-dependent delay prevents242 cells [14]. On the average, 2.2 signals were obtained
for Bub1-GFP; a subpopulation of mitotic kinetochores severe missegregation in cohesion-deficient cells.
appeared to produce the intense signal of Bub1-GFP,
implying that the other kinetochores were attached to Specialized Chromatin Preserved
kinetochore microtubules and may have been under in Preseparated Kinetochores
weak tension. The central kinetochore DNA of S. pombe contains spe-
cialized chromatin, which exhibits smeared ladder pat-
terns after micrococcal nuclease digestion, and wasChromosome Missegregation in mis4 mad2
abolished in CENP-A, mis6, and mis12 mutant cells [34].The above results showed that sister kinetochores were
We addressed a question of whether this specializedseparated in mis4-242 cells at 36C, but it was unknown
chromatin was restored in mis4-242, rad21-K1, and thewhether other chromosomal regions, the arms, were
double mutants mis4 mad2 and rad21 mad2. Nuclearseparated. To visualize whole nuclear chromatin in living
chromatin fractions of cell extracts derived from thecells, we employed plasmid pTC35 [38], containing the
cultures shifted from 26C to 36C for 0–4 hr were brieflygene whose product behaved as a chromatin protein.
digested with micrococcal nuclease (1–8 min treatment;pTC35 contained a portion of the open reading frame
[39]). Two types of the DNA probes for hybridizationfor a putative DNA binding protein containing the Myb
were used. Cnt was the central centromere sequence,domain and ligated in frame with GFP. The GFP signal
while Otr represented the outer kinetochore sequencederived from pTC35 was similar to (but not identical to)
that contained the regular nucleosome ladders. South-that of DAPI staining, as reported by [38] (Figure 4A;
ern hybridization was performed using these centro-DAPI, blue: pTC35, red. The merged portion looked
mere DNA probes. Specialized centromere chromatinwhite). In Figure 4B (wild-type control) and Figures 4C
was maintained in single mis4 and rad21 mutants andand 4D (mis4 and mis6 mutant carrying plasmid pTC35),
in the double mutants mis4 mad2 and rad21 mad2cells were cultured at 36C for 5 hr in the synthetic EMM2
(Figure S1). Consistently, CENP-A, as well as Mis6, wasmedium and then observed. In wild-type control cells,
localized at the centromeres in mis4-242 mutant cellsthe separation of nuclear chromatin visualized by pTC35
(data not shown). These results indicated that the lackwas initiated and completed within 10 min at 36C (the
of sister cohesion and spindle checkpoint protein did notnumber indicates min).
affect the formation of specialized chromatin. Indeed,In mis4-242 mutant cells, however, the separation of
components required for the specialized chromatin actsnuclear chromatin, which consisted of discrete chromo-
from the G1/S phase [39]. In these cohesion mutantsomal bodies, was never complete as seen in Figure
cells at 36C, Dis1 and Swi6 appeared to be bound4C. Note that a large portion of nuclear chromatin moved
to kinetochore regions, but mitotic localization of Bir1/back and forth and only partly separated. Three exam-
Cut17 and auroka kinase was completely lost.ples of movies are shown as Supplementary Material:
wild-type control chromatin separation, single mis4
chromatin movement, and mis4 mad2 double mutant Dominant-Negative Noncleavable Rad21 Does
Not Promote Checkpointchromatin separation (see below). It remained to be de-
termined whether the movements of pTC35 signals were A question was addressed of whether a dominant-nega-
tive noncleavable Rad21 mutant protein [4, 19] couldentirely dependent on kinetochore microtubules. Spon-
taneous micro-Brownian motions of chromosome DNAs delay the cell cycle by activating spindle checkpoint. A
strain was constructed that contained the integratedand chromokinesins might also contribute to such
movements. A portion of nuclear chromatin occasionally Bub1-GFP gene and carried plasmid REP81 with the
inducible noncleavable gene rad21 R179ER231E (here-displayed a peculiar “orphan chromosome” (indicated
by the arrowheads), which rapidly moved along the spin- after designated rad21RERE). The wild-type gene rad21
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Figure 5. Noncleavable Rad21-RERE Does Not Activate Spindle Checkpoint
Wild-type carrying the integrated Bub1-GFP gene and plasmid pREP81-rad21 or pREP81-rad21RERE was cultured in the presence (Thi:
promoter off) or the absence of thiamine (promoter on) for 12–14 hr. REP81 is a plasmid with the weakest inducible promoter. Rad21RERE
is the noncleavable Rad21 protein against fission yeast separin/Cut1 protease [19].
(A) I, interphase cell; P, prophase cell; A, anaphase cell. The dot-like signal was seen in a prophase cell of wild-type carrying pREP81-rad21
or pREP81-rad21RERE.
(B) The table shows the frequency of cells carrying the dot-like Bub1-GFP signal or showing aberrant mitosis in the presence or absence of
thiamine for 12–14 hr. Abnormal mitosis was frequent in cells carrying pREP81-rad21RERE, but the frequency of cells showing the Bub1-GFP
dot-like signal did not increase.
(C) Wild-type carrying pREP41-rad21RERE-Myc was cultured in the presence (0 hr) or absence of thiamine for 0–16 hr. The frequency of cells
showing the cut phenotype (open circles) was high after 14 hr, but the spindle index (filled circles) remained low.
(D and E) The block and release of the cdc25 mutant carrying plasmid pINVB82-rad21RERE-HA was done by arresting cells at G2 at 36C for
3.75 hr in the EMM2 containing 8% glucose (the repressed condition). The cultures were then washed and shifted to the EMM2 containing
4% sucrose (induced) or 8% glucose (repressed) at 36C (time  30 min). After 30 min (time  0 min), cells were released to 26C for
synchronously progressing into the M phase. (D) The level of Rad21RERE-HA before and after the rapid overexpression by the invertase
promoter (see text) was measured by immunoblot using anti-HA antibodies. The level of Rad21RERE-HA peaked around 30 min after induction
by sucrose in asynchronous culture (data not shown). (E) The spindle index (black), the frequency of cells with two nuclei (red), and the cut
phenotype (blue), were compared between the glucose and the sucrose media. No mitotic delay was observed under the expression of
noncleavable Rad21. The block of sister chromatid separation took place only during the second mitosis, suggesting that the dominant-
negative effect of noncleavable Rad21 requires the traverse in the G1/S phase.
under the inducible promoter nmt1 in plasmid REP81 consistent with the above result that the mitotic progres-
sion of cells overproducing Rad21RERE was not de-[40] showed no negative effect on cell cycle progression.
(Figure 5A, left panel). Mild overproduction of the non- layed. The spindle length that was measured was less
than 7.0 m, indicating that full spindle elongation wascleavable Rad21RERE in the absence of thiamine for
12–14 hr by REP81 [19] caused a high frequency of blocked.
Definitive evidence for the lack of the delay in theaberrant mitosis (about 43% after 14 hr, Figure 5B).
An example showing aberrant anaphase is seen in the cell cycle came from the synchronous culture of cdc25
block-release experiments using plasmid pINVB82,bottom panel in the right panel of Figure 5A. The fre-
quency of cells showing dot-like Bub1-GFP signals (Fig- which contained the modified invertase promoter [41].
The modified promoter in plasmid pINVB82 produced aure 5A, examples shown in the middle: P, prophase),
however, was low (1.5%–2.5%), like in the wild-type cells low and nontoxic level of Rad21RERE under the glu-
cose-repressed condition, but cells became lethal if theproducing the cleavable Rad21.
The time course analysis for cells overproducing promoter was induced by sucrose (see the Experimental
Procedures). In the presence of sucrose (induction, ON),Rad21RERE-Myc in REP41 plasmid in the absence of
thiamine showed that the spindle index (percent of cells a very rapid overexpression of Rad21RERE-HA took
place and was detected after 30 min (Figure 5D; [41]).with the spindle) was low and did not change during the
period of overproduction (12–16 hr, Figure 5C). This is In the glucose-repressed state, the two cell cycles went
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synchronously after the release of cdc25 to 26C (the in forming the foundation of chromatin structure to be
firmly captured by microtubules. Ends of kinetochoreupper panel, Figure 5E). No cut phenotype was observed
under this condition. In the sucrose-induced condition microtubules might be inefficient to associate with kinet-
ochore chromatin in the absence of cohesion or tension.(the lower panel; sucrose was added at 36C, 30 min
before the release to 26C), the first cell cycle went This report is the first live analysis of Bub1-GFP local-
ization in fission yeast. The duration of the signal in thenormally, whereas the second mitosis became aberrant,
producing the high frequency (50%) of the cut pheno- kinetochore is very short (2–3 min), corresponding to
the prophase (spindle formation) stage. The Bub1 signaltype. The toxic Rad21RERE might have to be present
in the S phase to induce aberrant mitosis in the following present in the whole nucleus during interphase was rap-
idly concentrated in the kinetochore upon the entry intoanaphase. The fully elongated spindle was again not
observed. These results established that the dominant- mitosis and was swiftly diffused again. In prometaphase
or metaphase, which lasted about 5 min, Bub1-GFPnegative Rad21RERE did not cause any delay in the cell
cycle, and its defect became apparent only after the was no longer situated on the kinetochore. We interpret
these finding as the interaction between Bub1-GFP andentry into anaphase.
the kinetochore occurs only during prophase (spindle
formation), that is, after the cluster of centromere DNAs
Discussion is dissociated from the SPB [46] and before the capture
by microtubules and/or under the tension force. The
This study reports that the loss of sister chromatid cohe- CHIP result indicates that Bub1-GFP in mitotic cells is
sion in fission yeast mutants mis4-242 and rad21-K1 located in the central centromeres where the ends of
induces the activation of spindle checkpoint (Figure S2). kinetochore microtubules are thought to be linked [8].
Mitosis was arrested, as evidenced by the lack of securin In contrast, Rad21 is broadly enriched in the central and
destruction, the rise of H1 kinase, the accumulation of pericentromere regions throughout the cell cycle [19].
condensed chromosomes, and the blockage of ana- The binding of Bub1-GFP to the kinetochores was pro-
phase B spindle extension. Rad21 is an essential subunit longed in mis4-242 in which sister kinetochores were pre-
of cohesin, and its cleavage in anaphase is essential maturely separated. Not all the kinetochores were bound
[19], while Mis4/Adherin is a loader for Rad21 to chroma- to Bub1-GFP, however. Only 1–3 among 6 preseparated
tin [14]. We showed that the delay of mitosis is depen- kinetochores seemed to be bound to Bub1. These pro-
dent on Mad2 and Bub1, which is essential for establish- longed signals might represent the kinetochores that
ing spindle checkpoint. In the absence of Mad2 or Bub1, are free from microtubules. The moving signals were
mitosis in the cohesion mutants was progressed without weakened or diffused. Statistical analysis indicated that
the delay, leading to full spindle elongation with frequent roughly half of the Bub1-GFP-bound kinetochores were
chromosome missegregation. In agreement with these split into two or three, probably by the transient tension
findings, the mis4-242 mutant was originally isolated force of kinetochore microtubules. However, the kineto-
by the phenotype of minichromosome instability at the chore-microtubule attachment was easily impaired, fol-
semipermissive temperature [42]. lowed by reassociation of Bub1-GFP. The diminished
Spindle checkpoint is activated when the spindle is kinetochore-microtubule interaction was likely the pri-
absent or defective in mitotic cells [27, 43]. Rieder et al. mary cause for promoting the spindle checkpoint in
[44, 45] suggested that an inhibitory signal produced mis4-242 and rad21-K1. In the absence of Mad2, the
by unattached kinetochores in mammalian Ptk1 cells spindle was fully elongated and no mitotic delay was
induced the checkpoint, delaying anaphase. The spindle observed. However, unequal nuclear division was fre-
checkpoint mechanism could be activated by a specific quently visualized. Mad2-dependent delay may prevent
component that is present in the unattached centro- severe missegregation in cohesion mutant cells. The
meres. Alternatively, the absence of the tension force double mutant mis4-242 bub1, which produced tiny
on mitotic kinetochores may cause the activation of colonies at the permissive temperature, also revealed
spindle checkpoint [35, 36]. Since Mis4 and Rad21 are frequent missegregation. In Ptk1 cells, aneuploidy in-
chromatin proteins, it is important to understand how creased greatly in the culture treated with nocodazole.
the cohesion defects are linked to spindle-kinetochore Under such conditions, the major cause for aneuploidy
checkpoint. The present results suggested that the in- was the formation of merotelic chromosomes [47]. The
teraction between kinetochores and microtubules in present study indicates that the weakened cohesion
these mutant cells was diminished. The duration of the could be a cause for aneuploidy when spindle check-
Bub1-GFP signal bound to the central kinetochore DNA point does not properly function.
was prolonged. Finding that the Bub1-GFP signal did What is the actual component monitored for activating
not move supported a hypothesis that certain mitotic spindle checkpoint in cohesion mutant cells? Cohesin
kinetochores in the mutants failed to associate with mi- complex itself is a potential candidate, but no direct
crotubules. If the dynamic instability exists in kineto- evidence exists for this hypothesis. The rad21-K1 mu-
chore microtubules, the kinetochores associated with tant is rather hypersensitive to TBZ, but Rad21 contains
microtubules should move even in the absence of ten- no known motif for tubulin binding. Other three-cohesin
sion. Rad21 is abundant in the centromere and pericen- subunits might interact with microtubules. We reported
tromere regions [19]. Furthermore, both mis4 and rad21 that dramatic changes of nuclear protein localization
mutants are hypersensitive to TBZ. Although the precise took place in cohesion mutants [32]. Mitotic localization
relationship is unknown, microtubules and cohesin of Bir1/Cut17 and aurora kinase (Ark1) with kinetochores
was completely abolished in mis4-242 and rad21-K1.seem to be functionally related. Cohesin may participate
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Preparation of S. pombe Extracts and the CHIP AssayTherefore, not only cohesin, but also Bir1/Cut17 and
S. pombe cells were collected by filtration and suspended in ice-aurora kinase, were lost from the mitotic chromosomes
chilled phosphate-buffered saline (PBS) (pH 7.5) containing 10 mMin cohesion mutants. Still, other proteins related to
NaN3 and 50 mM NaF. Cells were then disrupted by glass beads,checkpoint might be missing, as mutation in Bir1/Cut17 and extracts were obtained by centrifugation of cell homogenates
did not affect spindle checkpoint. Further study is (14,000 rpm, 4C). Proteins were transferred into the HB buffer (60
mM 	-glycerophosphate, 15 mM p-nitrophenyl phosphate, 1 mMneeded to identify the component directly related to the
DTT, 25 mM Tris-HCl (pH 7.5), containing 15 mM EGTA, 15 mMspindle checkpoint in cohesion mutants.
MgCl2, 0.1% NP40, 0.5 mM Na3VO4, 0.1 mM NaF, 1 mM PMSF; [52]).In the present study, Bub1 is shown to be an excellent
The H1 kinase activity was measured as previously described [53].marker for distinguishing between prophase and pro-
The procedures for CHIP were previously described [19, 34].
metaphase-metaphase kinetochores. The precise mo-
lecular mechanism underlying the transitions during mi-
Light Microscopy and Time-Lapse Imagingtosis between the state of Bub1 association and
Indirect immunofluorescence microscopy was performed as pre-dissociation has to be studied in detail in order to under-
viously described [54]. Anti-tubulin antibody (TAT-1), anti-Sad1 anti-stand the regulation of kinetochores during mitosis. As
body, and anti-HA antibody (16B12, BABCO) were used as primary
prophase Bub1 is present in the central centromere, a antibodies. For observing living cells, the confocal laser microscope
number of kinetochore proteins are potential candidates MRC1024 (Bio-Rad) was used. Cells were cultured in the liquid
for interacting with Bub1. The highly toxic and noncleav- EMM2 media on glass base dishes (Iwaki). Images were scanned
every 20 or 30 s for a maximum of 90 min.able Rad21 did not affect the duration of Bub1 localiza-
tion in the mitotic kinetochores. Protein cleavage of
Rad21 did not appear to be implicated in the mitotic Construction of the mis4-242 Gene
progression until anaphase. Hence, spindle checkpoint The mis4-242 gene was amplified by the PCR procedure from geno-
is not activated in cells expressing the noncleavable mic DNA isolated from mis4-242 mutant cells. At the 3965th G posi-
tion, DNA sequence analysis revealed a base substitution to A,Rad21. In budding yeast, cohesion-deficient mutants
which results in the substitution from glycine to glutamate. Usingctf7 (identical to eco1) or ctf18 (mutation in an RFC-like
PCR site-directed mutagenesis (vent polymerase, New England Bio-complex acting in the replication fork) displayed the
Labs), this point mutation was introduced into the mis4 cDNA fused
spindle checkpoint arrest [16, 21]. CTF18 is also involved to GFP, resulting in plasmid pmis4-242-GFP.
in DNA replication checkpoint [48]. In the present study,
we have shown that cohesion deficiency in fission yeast
Micrococcal Nuclease Digestion of Chromatinalso promotes the spindle assembly checkpoint due
The procedures for micrococcal nuclease digestion were describedto the diminished interaction between kinetochore and
previously [55] with a modification. Cells were cultured at 36C for
microtubules. Studies in higher eukaryotic organisms 4 hr, and isolated chromatin was treated with micrococcal nuclease
may reveal the universal existence of similar checkpoint (250 U/ml, Worthington). Plasmids pKT110, pKT108, and pYC148
control in cohesion-deficient cells. were used as hybridization probes.
Experimental Procedures Construction of Plasmid Expressing Noncleavable
Rad21RERE under the invb82 Promoter
Strains and Media To study the effect of the expression of noncleavable Rad21 on the
The culture media used for S. pombe were the complete YPD and progression of the cell cycle, the inducible nmt1 promoter was not
the minimal EMM2 [49]. GFP-tagged strains were grown in the EMM2 adequate, as the actual synthesis of protein takes 10–16 hr after
medium for live microscopic analysis. LacI-GFP strains [29], which the removal of thiamine from the culture medium. We therefore
expressed LacI-GFP under the control of the nmt1 promoter, were employed the glucose-repressible inv1 promoter [41], which is rap-
cultured in the presence of thiamine (50 M). Thiabendazole (10 g/ idly induced in the presence of sucrose. However, plasmid carry-
ml; Sigma) was used for the sensitivity test. ing the noncleavable Rad21 gene was lethal even in the glucose-
repressed condition, perhaps due to the toxicity by leaked synthesis
of Rad21RERE. To reduce the basal expression level, the inv1 pro-
The G1 Arrest by Nitrogen Starvation moter was modified by inserting variable DNA stretches between the
Nitrogen source starvation was done according to the procedures promoter and the initiation codon of the rad21 gene. One of the modi-
described previously [50]. Cells (5 
 106 cells/ml) were cultured in fied promoters, named invb82 (inserted sequence before the initia-
the EMM2 medium, washed three times with EMM2-N (EMM2 with- tion codon is 5-ACGGATCCGCGGATCCGT-3), reduced the expres-
out NH4Cl), and then cultured in EMM2-N media for 24 hr (the cell sion level by about 1/40 compared with the inv1 promoter, judging
concentration, 2 
 107 cells /ml). The FACscan analysis confirms from the level of Rad21 protein. Under the invb82 promoter, cells
that more than 90% of the cells were arrested in the G1 phase. expressing Rad21RERE tagged with HA at the C terminus in the
Arrested cells were released into the rich YPD medium at 36C. presence of sucrose became lethal (no colony formation), while
repressed cells in the presence of glucose formed colonies. The
appearance of Rad21 and Rad21RERE protein after the change to
Synchronous Culture the culture medium containing sucrose took only 15–20 min.
In order to synchronize cells in G1, elutriation was performed using
cells that were previously arrested by nitrogen starvation and then
released to the complete media and cultured for a short period until Supplementary Material
Supplementary Material, which includes two figures showing thecells reached the stage just before the S phase. Nitrogen-starved
cells (5 
 106 cell/ml) were released to the YPD medium at 36C for formation of specialized centromere chromatin in single mis4 and
rad21 mutants and the mad2-deleted double mutants (Figure S1)3.5 hr. The elutriation rotor was set to 36C to keep cells at the
restrictive temperature. Small cells collected after elutriation contin- and roles of fission yeast cohesion proteins (Figure S2) as well as
Supplementary Movies showing chromatin GFP pTC35 motility inued to be cultured at 36C. Aliquots of cells were harvested at 15-
min intervals and were analyzed by the FACS analysis [51], immuno- (Movie 1) wild-type, (Movie 2) the single mis4 mutant, and (Movie
3) double mis4 mad2 mutant cells is available at http://images.fluorescence microscopy, calcofluor staining, and the H1 kinase
activity assay. cellpress.com/supmat/supmatin.htm.
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